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Synergistic Effects of Azospirillum and Pseudomonas Inoculation on Growth and Yield of Chilli (Capsicum annuum L.)


       ABSTRACT
The excessive use of chemical fertilizers in chilli cultivation has raised concerns regarding soil health and environmental sustainability. Plant Growth-Promoting Rhizobacteria (PGPR) offer an eco-friendly alternative by enhancing nutrient availability and plant growth through biological processes. The present study evaluated the individual and combined effects of Azospirillum brasilense and Pseudomonas fluorescens on the growth and yield of chilli (Capsicum annuum L.). Rhizosphere soil samples were collected, PGPR were isolated and screened for plant growth-promoting traits, and efficient isolates were evaluated under pot culture conditions. Results revealed that co-inoculation of Azospirillum and Pseudomonas along with 75% recommended dose of fertilizers significantly increased plant height, number of branches, dry matter production, and fruit yield compared to control and single inoculation treatments. The synergistic effect of dual inoculation improved nutrient use efficiency and reduced dependence on chemical fertilizers. The study concludes that combined application of PGPR can be an effective strategy for sustainable chilli production.	Comment by Maher: All numbers for superior qualities must be mentioned.
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1. INTRODUCTION
Chilli (Capsicum annuum L.) is an economically important vegetable and spice crop cultivated widely in tropical and subtropical regions. It contributes significantly to food security, nutrition and farm income due to its high content of vitamins, antioxidants and capsaicinoids (Bosland & Votava, 2012). However, chilli productivity remains inconsistent owing to declining soil fertility, imbalanced nutrient management and excessive use of chemical fertilizers (Shyam & Narzary, 2024; Shetty et al., 2025).	Comment by Maher: reference
Long-term application of synthetic fertilizers has been reported to degrade soil structure, reduce microbial diversity and lower nutrient use efficiency, thereby threatening the sustainability of intensive cropping systems (Hasan et al., 2024; Mmotla et al., 2025). These challenges have accelerated the search for biological alternatives capable of maintaining crop productivity while preserving soil health.
Plant Growth-Promoting Rhizobacteria (PGPR) represent a promising approach for sustainable agriculture due to their multifunctional role in enhancing plant growth and nutrient acquisition. PGPR colonize the rhizosphere and promote plant growth directly through biological nitrogen fixation, phosphate solubilization and phytohormone production, and indirectly through siderophore production and suppression of soil-borne pathogens (Vessey, 2003; Yang et al., 2024). Recent studies have emphasized their role in improving nutrient cycling, root system architecture and plant resilience under reduced fertilizer regimes (Nandni Sharma, 2024; Heliyon, 2024).
Among PGPR, Azospirillum spp. are well-known associative nitrogen fixers that enhance root proliferation and nutrient uptake efficiency (Bashan & de-Bashan, 2010), while Pseudomonas spp. are recognized for their phosphate-solubilizing capacity, siderophore production and biocontrol activity (Glick, 2012). Several studies have reported positive effects of individual PGPR inoculation on chilli and other solanaceous crops (Bharathi et al., 2004; Ordookhani et al., 2010). However, recent literature indicates that PGPR consortia often outperform single-strain inoculants due to synergistic interactions between complementary functional traits (Keerthana et al., 2024; Yang et al., 2024).
Despite growing evidence, limited information is available on the combined application of Azospirillum and Pseudomonas under reduced fertilizer input conditions in chilli cultivation. Therefore, the present study aimed to evaluate the synergistic effects of these PGPR on growth and yield of chilli, with the objective of developing a sustainable nutrient management strategy that reduces chemical fertilizer dependency.
2. MATERIALS AND METHODS
2.1. Study area and soil sampling
Rhizosphere soil samples were collected from chilli (Capsicum annuum L.) fields located at fifteen different sites in Namakkal district, Tamil Nadu, India. The region is characterized by a tropical climate with moderate rainfall and sandy loam to clay loam soils. Healthy chilli plants at the flowering stage were carefully uprooted, and loosely adhered soil was removed by gentle shaking. The soil tightly adhering to the root system was considered rhizosphere soil and collected aseptically.	Comment by Maher: reference
The collected soil samples were placed in sterile polyethylene bags, transported to the laboratory under refrigerated conditions, and processed within 24 h. Samples were air-dried, sieved (2 mm mesh), and stored at 4 °C for further microbiological and physico-chemical analyses.
2.2. Physico-chemical analysis of soil
Soil samples were analysed for pH, electrical conductivity (EC), organic carbon, and available macronutrients using standard procedures. Soil pH and EC were measured in a 1:2.5 soil–water suspension using a digital pH and conductivity meter. Organic carbon content was determined by the Walkley and Black wet oxidation method. Available nitrogen was estimated using the alkaline permanganate method, available phosphorus by the Olsen method, and available potassium by flame photometry following neutral ammonium acetate extraction.	Comment by Maher: reference
2.3. Enumeration of rhizosphere microorganisms
The population of bacteria, fungi, and actinomycetes in rhizosphere soils was determined using the serial dilution and spread plate technique. Nutrient agar, potato dextrose agar, and actinomycetes isolation agar were used for bacteria, fungi, and actinomycetes, respectively. Plates were incubated at 28 ± 2 °C, and colony-forming units (CFU) were counted and expressed as CFU g⁻¹ of dry soil.	Comment by Maher: reference
2.4. Isolation, purification and characterization of PGPR
Plant Growth Promoting Rhizobacteria (PGPR) were isolated from rhizosphere soil using selective enrichment techniques. Azospirillum spp. were isolated using nitrogen-free malate medium, while Pseudomonas spp. were isolated on King’s B medium. Distinct colonies were picked and purified through repeated streaking. Pure cultures were maintained on respective agar slants at 4 °C and as glycerol stocks (20%) at −80 °C for long-term storage. Morphological and biochemical tests were performed for preliminary identification.	Comment by Maher: reference
2.5 Screening for plant growth-promoting traits
Isolates were screened for nitrogen fixation, phosphate solubilization, siderophore production, acid phosphatase activity and phytohormone (IAA and GA₃) production using standard methods.
2.6 Pot culture experiment
Pot experiment were conducted during September 2024 to February 2025 in the M.S.Swaminathan Vayal Kudam, Department of Agricultural Engineering, Paavai Engineering College, Namakkal. The annual mean minimum and maximum temperature of experimental area is 28° and 39°C respectively and the mean highest and lowest relative humidity was 96 and 78 percent respectively. The mean annual rainfall of this area is 750 mm. The physico-chemical properties of the soil were analysed.
2.6.1 Preparation of pots and seed inoculation
The pots are filled with land soil and sand in the ratio of 1:1. The seeds of chilli Var. K2 was surface sterilized with 80 per cent ethanol and 0.1 per cent mercuric chloride and washed the seeds with sterile distilled water for 3 to 4 times.
The seeds were mixed with carrier based rhizobacterial inoculants as single as well as co-inoculum of organisms separately having a cell load of 1x1 09cfu ml⁻1 and shade dried for 30 min. After shade drying, the seeds were sown at 25 seeds per pot and finally five seedling were maintained. In all the treatments except treatment T1 (Control)100% K was applied. A control pot without inoculation was also maintained. The experiment was conducted in completely randomized block (CRD) design with three replications. The treatments are as follows:

Chart 1. Treatments details
	T1
	Control

	T2
	100% NPK

	T3
	75% N + 100% P&K + A.brasilense 

	T4
	100% N&K +75% P + P.fluorescens  

	T5
	75% N&P + 100% K + A.brasilense + P.fluorescens 

	T6
	50%N + 100% P&K + A.brasilense 

	T7
	100% N&K + 50% P + P.fluorescens  

	T8
	50% N&P +100%K+ A.brasilense + P.fluorescens 


2.7 Observations and statistical analysis
Biometric observation: Five plants were chosen for each treatment for recording the biometric observation. Plant samples were taken at periodic intervals viz., 25th, 50th, 75thand 100th day after sowing.
Plant height: Plant height was recorded from the ground level to the tip of terminal bud on 25, 50, 75 and 100 DAS expressed in cm.
Germination percentage: Germination percentage was computed by recording total number of chilli plants germinated against number of seeds sown in each plot on seventh day after sowing.
Vigour Index: Vigour index was computed on 15 DAS using the following procedure suggested by Abdul Balli and Anderson (1973).
                               Vigour Index = Germination percentage × Shoot length
Dry matter production (DMP): Five plants were removed at random from each treatment plot without damaging the roots and washed. The samples were sun dried initially for 24 h and subsequently oven dried at 80° C to attain a constant weight. Then, the DMP was recorded on 25, 50, 75 and 100 DAS expressed in g plant-1.
Number of fruits: The number of fruits were recorded at harvested period.
Fruit weight: The average fruit weight of five plants selected as randomly recorded and expressed as g/fruit.
Fruit yield: The fruit yield of five plants were taken from each treatment and expressed as g/plant in pot experiment and also converted to tones/ha using spacing of 45 x 30 cm.
Statistical analysis
Experimental data were subjected to statistical analysis using analysis of variance (ANOVA). Treatment means were compared using the critical difference (CD) test at 5% probability level. All statistical analyses were performed following standard agricultural statistical procedures.
3. RESULTS AND DISCUSSION
3.1 Germination Percentage and Seedling Vigour
PGPR inoculation significantly influenced seed germination and early seedling vigour of chilli. Dual inoculation treatments, particularly T5 (75% N & P + 100% K + Azospirillum brasilense + Pseudomonas fluorescens), recorded the highest germination percentage (95.21%) and vigour index (1298) compared to the control and single inoculation treatments. Reduced germination and vigour were consistently observed in the uninoculated control (Table-1 & Figure-1).
The improvement in germination and vigour under PGPR treatments can be attributed to the production of phytohormones such as indole-3-acetic acid (IAA) and gibberellic acid by Azospirillum and Pseudomonas, which stimulate cell elongation and early seedling growth (Bashan & de-Bashan, 2010; Glick, 2012). Similar enhancements in seedling vigour due to PGPR inoculation have been reported in chilli and other solanaceous crops (Ordookhani et al., 2010; Shyam & Narzary, 2024). The superior performance of dual inoculation highlights synergistic interactions between nitrogen fixation and phosphate solubilization processes.
Table-1.  Effect of PGPR inoculation on the germination percentage and vigour index of chilli variety K2 under pot culture condition
	S.NO
	Treatments
	Germination (%)
	Vigour Index

	1.
	T0 – Control
	71.98
	889

	2.
	T2 ‐ 100% NPK
	90.01
	1224

	3.
	T3 ‐75% N +100% P&K + A.brasilense
	88.43
	1107

	4.
	T4 ‐ 100% N&K +75% P + P. fluorescens 
	83.29
	1076

	5.
	T5 ‐ 75% N&P + 100% K + A. brasilense + P. fluorescens 
	95.21
	1298

	6.
	T6 ‐ 50 % N + 100% P&K + A. brasilense 
	75.99
	932

	7.
	T7 ‐100 % N&K + 50% P + P. fluorescens 
	79.06
	989

	8.
	T8 ‐ 50 % N&P + 100% K + A. brasilense + P. fluorescens 
	72.07
	913

	Sed
	0.58
	3.80

	CD(P=0.05)
	1.25
	8.40




Fig. 1: Effect of PGPR inoculation on the germination percentage and vigour index of chilli variety K2 under pot culture condition
3.2 Plant Height
Plant height increased significantly with PGPR inoculation at all growth stages (25, 50, 75 and 100 DAS). Dual inoculation treatments (T5 and T8) consistently produced taller plants than single inoculation, chemical fertilizer alone, and control treatments. At 100 DAS, T5 recorded the maximum plant height (99.03 cm), indicating a sustained positive effect of PGPR throughout the crop growth period. (Table-2 & Figure-2).
The enhanced plant height under co-inoculation may be attributed to improved nitrogen availability through associative nitrogen fixation by Azospirillum and enhanced phosphorus solubilization by Pseudomonas, leading to better nutrient uptake and photosynthetic efficiency (Vessey, 2003; Yang et al., 2024). Increased plant height due to PGPR inoculation has been widely reported in chilli and other vegetable crops, especially under reduced fertilizer regimes (Bharathi et al., 2004; Hasan et al., 2024). The present findings confirm that PGPR consortia are more effective than single-strain inoculation.
Table 2: Effect of PGPR inoculation on the plant height chilli variety K2 under pot culture condition
	
S.NO
	Treatment
	Plant height (cm plant-1)

	
	
	Sampling period in days

	
	
	25 
DAP
	50 
DAP
	75 
DAP
	100 
DAP
	At Harvest

	1
	T0 – Control                                 
	9.31
	20.08
	41.30
	59.31
	70.06

	2
	T2 ‐ 100% NPK
	19.84
	34.66
	62.47
	87.68
	97.09

	3
	T3 ‐75% N +100% P&K + A.brasilense
	18.00
	32.83
	61.76
	73.42
	93.45

	4
	T4 ‐ 100% N&K +75% P + P. fluorescens 
	17.35
	31.43
	58.32
	71.76
	90.23

	5
	T5 ‐ 75% N&P + 100% K + A. brasilense + P. fluorescens
	20.37
	35.17
	65.72
	88.65
	99.03

	6
	T6 ‐ 50 % N + 100% P&K + A. brasilense 
	14.28
	24.34
	50.31
	62.34
	83.12

	7
	T7 ‐100 % N&K + 50% P + P. fluorescens 
	15.44
	29.89
	54.78
	65.67
	86.08

	8
	T8 ‐ 50 % N&P + 100% K + A. brasilense + P. fluorescens
	10.63
	21.86
	46.47
	60.48
	65.32

	Sed
	0.4036
	0.4269
	0.6392
	1.0585
	1.9969

	CD(P=0.05)
	0.8639
	0.9136
	1.3681
	2.2653
	4.2735



Fig. 2: Effect of PGPR inoculation on the plant height chilli variety K2 under pot culture condition
3.3 Dry Matter Production
Dry matter production (DMP) increased progressively with crop age and was significantly higher in PGPR-treated plants than in the control. Dual inoculation treatments recorded the highest DMP at all growth stages, with T5 showing maximum biomass accumulation (12.03 g plant-1) at harvest period. (Table-3 & Figure-3).
Increased dry matter accumulation reflects enhanced photosynthate production and efficient translocation of assimilates, which may be linked to improved root architecture and nutrient absorption facilitated by PGPR (Bashan et al., 2004; Nandni Sharma, 2024). Co-inoculation improves microbial activity in the rhizosphere, resulting in better nutrient cycling and sustained plant growth. Similar increases in dry matter due to PGPR consortia have been documented by Keerthana et al. (2024) and Heliyon (2024).
Table-3. Effect of PGPR inoculation on the plant dry matter production of chilli variety K2 under pot culture condition
	S.NO
	Treatments
	Plant dry matter production (g plant -1)

	
	
	25 DAP
	50 
DAP
	75 
DAP
	100 DAP
	Harvest

	1.
	T0 – Control
	0.53
	1.31
	3.10
	4.01
	8.08

	2.
	T2 ‐ 100% NPK
	2.01
	2.76
	4.54
	5.00
	11.86

	3.
	T3 ‐75% N +100% P&K + A.brasilense 
	2.00
	2.35
	4.46
	4.90
	11.32

	4.
	T4 ‐ 100% N&K +75% P + P. fluorescens 
	1.67
	2.01
	4.23
	4.76
	10.66

	5.
	T5 ‐ 75% N&P + 100% K + A. brasilense+ 
P. fluorescens
	2.23
	2.96
	4.66
	5.02
	12.03

	6.
	T6 ‐ 50 % N + 100% P&K + A. brasilense 
	1.02
	1.76
	4.00
	4.45
	9.44

	7.
	T7 ‐100 % N&K + 50% P + P. fluorescens
	1.45
	1.98
	3.46
	4.63
	10.01

	8.
	T8 ‐ 50 % N&P + 100% K + A. brasilense +
 P. fluorescens
	0.98
	1.54
	3.89
	4.27
	8.45

	Sed
	0.02
	0.05
	0.02
	0.01
	0.13

	CD(P=0.05)
	0.05
	0.08
	0.05
	0.03
	0.28


 

Fig. 3: Effect of PGPR inoculation on the plant dry matter production of chilli variety K2 Under pot culture condition
3.4 Effect of PGPR inoculation on the number fruits, fruit weight and fruit yield of chilli
The effect of PGPR inoculation on number of fruits, fruit weight and fruit yield of chilli variety K2 was evaluated (Fig.4) and the result were presented in Table-4.
Among the eight treatments tested, the maximum number of fruits, fruit weight and fruit yield was observed in the treatment T5 ‐ 75% N&P + 100% K + A. brasilense DSA-6 + P. fluorescens DSP-3 and recorded 35 fruits plant-1, 9.12 g plant-1 for fruit weight and 319.02 g plant-1 for fruit yield and the treatment T5 was on par with T2. Minimum number of fruits, fruit weight and fruit yield was recorded in the treatment T0 (Control).
Fruit number is directly influenced by vegetative growth and nutrient availability during flowering and fruit set stages. Enhanced fruit production under PGPR treatments may be attributed to improved nutrient use efficiency, hormonal balance, and enhanced sink–source relationships (Nelson, 2004; Yang et al., 2024). Earlier studies in chilli have also reported increased fruit number following PGPR application (Bharathi et al., 2004; Shyam & Narzary, 2024), supporting the present findings.
The increase in fruit weight can be linked to improved nutrient assimilation, particularly phosphorus and potassium, which play crucial roles in fruit enlargement and quality (Glick, 2012; Shetty et al., 2025). PGPR-mediated enhancement of root growth and nutrient uptake ensures continuous nutrient supply during fruit development, leading to increased fruit size. Similar results were reported by Ordookhani et al. (2010) in chilli and by Gopalakrishnan et al. (2015) in other vegetable crops.
Yield improvement under PGPR consortia is a cumulative effect of enhanced vegetative growth, higher fruit number, and increased fruit weight. Synergistic interactions between Azospirillum and Pseudomonas enhance nutrient availability, hormonal regulation, and rhizosphere microbial activity, leading to higher productivity (Adesemoye & Egamberdieva, 2013; Mmotla et al., 2025). These findings align with recent reports emphasizing the role of PGPR consortia in sustainable crop production systems (Hasan et al., 2024; Yang et al., 2024).
Table-4. Effect of PGPR) inoculation on the number of fruits, fruit weight and fruit yield of chilli variety K2 under pot culture condition
	S.NO
	Treatments
	No. of fruits (plant -1)
	Fruit weight (g) (plant -1)
	Fruits yield (g) (plant -1)

	1.
	T0 – Control
	16
	6.24
	92.16

	2.
	T2 ‐ 100% NPK
	31
	9.00
	284.40

	3.
	T3 ‐75% N +100% P&K + A.brasilense 
	28
	8.66
	276.03

	4.
	T4 ‐ 100% N&K +75% P + P. fluorescens 
	25
	8.00
	213.10

	5.
	T5 ‐ 75% N&P + 100% K + A. brasilense + 
P. fluorescens
	35
	9.12
	319.02

	6.
	T6 ‐ 50 % N + 100% P&K + A. brasilense
	22
	7.34
	135.96

	7.
	T7 ‐100 % N&K + 50% P + P. fluorescens
	23
	7.56
	180.19

	8.
	T8 ‐ 50 % N&P + 100% K + A. brasilense +
 P. fluorescens
	20
	7.10
	116.23

	Sed
	0.94
	0.13
	1.32

	CD(P=0.05)
	1.97
	0.28
	2.85



 
Fig. 4: Effect of PGPR) inoculation on the number of fruits, fruit weight and fruit yield of chilli variety K2 under pot culture condition
[image: ]
Fig-5: Synergistic Effects of Azospirillum and Pseudomonas Inoculation on Growth and Yield of Chilli
4. CONCLUSION AND PRACTICAL IMPLICATIONS
4.1 Conclusion	Comment by Maher: It needs to be shortened
The present study clearly demonstrates the synergistic effects of Azospirillum brasilense and Pseudomonas fluorescens on the growth and yield of chilli (Capsicum annuum L.) under reduced chemical fertilizer inputs. Co-inoculation of these PGPR significantly enhanced germination, seedling vigour, plant height, dry matter production, number of fruits, average fruit weight and overall fruit yield compared to single inoculation, full recommended fertilizer application and uninoculated control treatments.
Among the evaluated treatments, the combined application of Azospirillum and Pseudomonas along with 75% recommended nitrogen and phosphorus and 100% potassium (T5) consistently recorded superior performance across all growth and yield parameters. Notably, dual inoculation under reduced fertilizer regimes outperformed the treatment receiving 100% NPK alone, highlighting the efficiency of PGPR consortia in improving nutrient use efficiency and crop productivity.
The enhanced performance observed under dual inoculation can be attributed to complementary mechanisms such as associative nitrogen fixation, phosphate solubilization, phytohormone production and improved rhizosphere microbial activity. The findings confirm that the use of functionally diverse PGPR consortia is a viable strategy for reducing chemical fertilizer dependency while sustaining or enhancing chilli yield.
4.2 Practical Implications
The findings of this study demonstrate that the combined application of Azospirillum brasilense and Pseudomonas fluorescens can be effectively integrated into chilli production systems to reduce chemical fertilizer inputs without compromising yield. Co-inoculation of these plant growth-promoting rhizobacteria enhanced nutrient use efficiency, plant growth and fruit yield even under reduced nitrogen and phosphorus application, highlighting their potential as a sustainable component of integrated nutrient management strategies. The use of PGPR consortia offers an environmentally benign approach by improving soil biological activity and minimizing nutrient losses associated with excessive fertilizer use. From a practical standpoint, carrier-based PGPR inoculants are easy to apply, cost-effective and compatible with existing agronomic practices, making them suitable for large-scale farmer adoption. Incorporation of PGPR-based biofertilizers into chilli cultivation can therefore contribute to improved productivity, reduced production costs and long-term soil health, supporting sustainable and climate-smart agricultural systems.
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No. of fruits (plant -1)	T0 	T2	T3 	T4 	T5	T6 	T7	T8	16	31	28	25	35	22	23	20	Fruit weight (g) (plant -1)	T0 	T2	T3 	T4 	T5	T6 	T7	T8	6.24	9	8.66	8	9.120000000000001	7.34	7.56	7.1	Fruits yield (g) (plant -1)	T0 	T2	T3 	T4 	T5	T6 	T7	T8	92.16	284.39999999999992	276.02999999999992	213.1	319.02	135.96	180.19	116.23	Germination (%)	T0 	T2	T3 	T4 	T5	T6 	T7	T8	71.98	90.01	88.43	83.29	95.210000000000022	75.989999999999995	79.06	72.069999999999993	Vigour Index	T0 	T2	T3 	T4 	T5	T6 	T7	T8	889	1224	1107	1076	1298	932	989	913	Treatments

Percentage
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Synergistic Effects of Azospirillum and Pseudomonas Inoculation on Growth and Yield of

Chilli (Capsicum annuum L.)
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PGPR consortia improve chilli productivity under reduced fertilizer inputs




